Oligonucleotide and cRNA probes were used for nonradioactive in situ hybridizations carried out to identify the neural cell types expressing the glutamate transporter GLAST mRNA in the rat CNS. Additionally, the regional distribution of GLAST mRNA-expressing cells was studied, and the results were complemented by immunocytochemical investigations using an antibody against a synthetic GLAST peptide. The findings documented that GLAST is expressed by Bergmann glia and by astrocytes throughout the CNS. The glial localization of GLAST mRNA was verified unequivocally by double-labeling with an astrocytic marker protein. Additionally, GLAST mRNA reactivity and GLAST immunoreactivity were found in ependymal cells. In other neural cell types of the CNS, GLAST expression was not detectable. A high level of astrocytic immunolabeling was observed in the entire gray matter of the brain, with variations in intensity in different regions. Those brain areas that are known to possess high glutamatergic activity and astrocytic glutamate metabolism stained intensely for both GLAST mRNA and GLAST protein. The latter observation suggests that the GLAST glutamate transporter participates in the regulation of extracellular glutamate concentrations, especially in brain areas receiving an intense glutamatergic innervation.
High-affinity glutamate transporters in the CNS play an important role in the removal of transmitter glutamate from the synaptic cleft, thereby terminating the transmitter signal and protecting neurons from an excitotoxic action of glutamate (for review, see Kanai et al., 1993) . The transporters have been studied extensively using synaptosome and membrane vesicle preparations (Kanner and Schuldiner, 1987) , and in the last years the cDNAs of three high-affinity glutamate transporters have been isolated and characterized in vitro, namely that of GLT1 (Pines et al., 1992) , EAAC1 (Kanai and Hediger, 1992) , and GLAST (Storck et al., 1992) . Subsequently, more detailed information has been gathered concerning the distribution of these three transporters in the CNS of rats (Rauen and Kanner, 1994; Rothstein et al., 1994; Torp et al., 1994; Chaudhry et al., 1995; Derouiche and Rauen, 1995; Lehre et al., 1995; Schmitt et al., 1996) .
With respect to GLAST, immunocytochemical studies using antibodies against synthetic peptides have shown that glial cells seem to be the preferential localization of this transporter , but GLAST protein also has been reported to be localized in subsets of neurons of various CNS regions (Rothstein et al., 1994) . Furthermore, GLAST mRNA has been detected by radioactive in situ hybridization (ISH) in the Purkinje cell layer of the cerebellar cortex, and more or less dense ISH signals have been observed throughout the brain (Storck et al., 1992; Torp et al., 1994) . Because of the poor cellular resolution of radioactive ISH, however, the question of the precise cellular distribution of GLAST mRNA still has not been answered conclusively.
In the present study, we have used a highly sensitive method that provides clear cellular resolution, namely nonradioactive ISH using cRNA and oligonucleotide probes to detect GLAST mRNA. The aim was to identify unequivocally the neural cell types expressing GLAST mRNA (especially with respect to a supposed neuronal localization) and to provide more detailed information about the localization of GLAST mRNA in various regions of the rat CNS. The ISH data were compared with the distribution of GLAST protein detected by immunocytochemistry using a polyclonal antibody against a synthetic C-terminal GLAST peptide.
MATERIALS AND METHODS

Animals and tissues
The brains and cervical spinal cords of 30 adult male Wistar rats were used for RNA preparation, ISH, immunoblotting, and immunocytochemistry. Frontal blocks of aldehyde-fixed (see below) and fresh brains of between 3 and 5 mm thickness (approximate interaural level 7.0 to 5 mm and Ϫ1.5 to Ϫ2.5 mm, according to the rat brain stereotaxic atlas of Paxinos and Watson, 1986) were used for ISH and immunocytochemistry, respectively.
Generation of digoxigenin (DIG)-labeled cRNA probes
All procedures for the preparation of cRNA probes were performed as described by Sambrook et al. (1989) and Schmitt et al. (1996) and will be described here only briefly. Total RNA from rat brain was isolated by acid guanidinium thiocyanate-phenol-chloroform extraction (Chomczynski and Sacchi, 1987) , and poly(A ϩ )RNA was enriched by oligo(dT)-cellulose chromatography. The first-strand synthesis of the cDNA was performed for 1 hr at 42ЊC in a reaction volume of 20 l containing 3 g poly(A ϩ )-enriched RNA, 1.8 M oligo(dT)-primer (18-mer), 1 mM of each dNTP, 20 U of RNasin, 50 mM Tris-HCl, pH 8.5, 8 mM MgCl 2 , 30 mM KCl, 1 mM dithiothreitol, and 40 U of AMV-reverse transcriptase (Boehringer Mannheim, Mannheim, Germany). Two primers, GLAST (1), 5Ј-GCTGGGATCCTACTCCGAGCTACCTGC-3Ј (complementary to nucleotides 5-31), and GLAST (2), 5Ј-CAACATCTCGGTTCTTCA-GTTCATGTCG-3Ј (complementary to nucleotides 1683-1710; purchased from Roth, Karlsruhe, Germany) based on the rat GLAST sequence published by Storck et al. (1992) , were used to amplify a rat GLAST cDNA fragment.
Ten percent of the reverse transcription mixture was used for a PCR in a final volume of 100 l containing 0.4 M of each primer, 0.4 mM of each dNTP, 2 U Taq-polymerase (Boehringer), 50 mM KCl, 1.5 mM MgCl 2 , and 10 mM Tris-HCl, pH 8. The following profile was used for amplification: denaturation 1 min/94ЊC, annealing 2 min/60ЊC, extension 3 min/70ЊC, 28 cycles, and a final elongation for 10 min at 70ЊC. The resulting cDNA was cloned into the EcoRV site of the Bluescript vector (pBluescript II SK ϩ ; Stratagene, La Jolla, CA) and transfected and propagated in Escherichia coli XL 1 Blue. The identity of the cloned cDNA was verified by restriction analysis and partial DNA sequencing (Sanger et al., 1977) .
For generation of a DIG-labeled antisense (sense) probe, plasmids were linearized by ClaI (EcoRI) restriction, phenol-chloroformextracted, precipitated, and transcribed by T7 RNA polymerase (T3 RNA polymerase) according the manufacturer's manual (Boehringer). Usually 1.5 g of cDNA template yielded 10 -30 g of labeled cRNA incorporating approximately one DIG-11-UTP at every 20th nucleotide. cRNA probes were analyzed on a formaldehyde agarose gel (1%).
In situ hybridization cRNA probe. Rats under ether anesthesia were perfused transcardially for 10 -20 sec with 0.1 M PBS, pH 7.4, and then for 4 min with PBS-buffered fixative containing 4% freshly prepared formaldehyde, pH 7.4. The brains were removed and post-fixed in the same fixative for 1 hr at room temperature. Frontal blocks of the brains (see above) were rinsed overnight in PBS containing 10 -20% sucrose at 4ЊC and then snap-frozen as described below.
Twelve-micrometer-thick cryostat sections mounted on precoated glass slides (Superfrost Plus; Menzel, Braunschweig, Germany) were thawed and processed further, exactly as described by Schmitt et al. (1996) . Briefly, the sections were rinsed in PBS, 50 mM Tris-HCl buffer, pH 7.6, and H 2 O. The tissue sections were treated with 0.05 N HCl, washed in PBS, incubated with freshly prepared 0.25% acetic anhydride, washed again with PBS, dehydrated in a graded series of ethanol, delipidated with chloroform, transferred to ethanol, and air-dried; then a prehybridization solution was applied to the sections for 1-2 hr at 42ЊC in a moist chamber. The prehybridization solution contained 4ϫ SSC, 1ϫ Denhardt's solution (Sambrook et al., 1989) , 10% dextran sulfate, 50% deionized formamide, and 500 g/ml salmon testes DNA (Sigma, Deisenhofen, Germany).
After removal of the prehybridization solution, the sections were covered with the hybridization solution containing the DIG-labeled antisense RNA probe (final concentration 3-6 ng/l) in the prehybridization solution at 42ЊC for 16 -18 hr. Posthybridization washes were carried out with 2ϫ SSC at 58ЊC and then at 37ЊC. Subsequently, the sections were treated with 30 g/ml ribonuclease A (50 Kunitz units/mg; Boehringer) to remove unhybridized single-strand RNAs. After the treatment, the sections were transferred to various solutions containing SSC and formamide, as described in detail by Schmitt et al. (1996) .
For detection of the DIG-labeled cRNA probe, the sections were rinsed in Tris-buffered saline (TBS; 100 mM Tris and 150 mM NaCl, pH 7.5) for 5 min, incubated with TBS containing 0.5% blocking reagent (DIG Nucleic Acid Detection Kit, Boehringer; 30 min), followed by 0.3% Triton X-100 in TBS (20 min). After incubation with 1.5 U/ml sheep anti-DIG-alkaline phosphatase (aP) conjugate (Boehringer) in TBS containing 0.3% Triton X-100 for 60 min, the sections were washed in TBS, transferred to a 0.1 M Tris-buffer containing 100 mM NaCl and 50 mM MgCl 2 , pH 9.5, for 2 min before the aP visualization described below. In some experiments, after the aP visualization, several sections were used for the immunocytochemical detection of glial fibrillary acidic protein (GFAP) by applying the peroxidase-antiperoxidase method (see below).
Oligonucleotide probe. ISH was carried out according to the method of Dågerlind et al. (1992) , using an aP-coupled 30-mer oligonucleotide probe complementary to part of the coding region of GLAST mRNA (antisense probe to the nucleotides 1681-1710: 5Ј-CAACATCTCGGT-TCTTCAGTTCATGTCGGG-3Ј; custom-synthesized by DNA Technology, Aarhus, Denmark). Twelve-micrometer-thick cryostat sections of snap-frozen frontal tissue blocks of brain (see above) mounted on Superfrost slides were thawed and covered with hybridization solution (see above) containing 6 fmol/l antisense oligonucleotide probe at 37ЊC for 20 -40 hr. Posthybridization washes were carried out with 1ϫ SSC for 4 ϫ 15 min at 55ЊC. After they were cooled to room temperature, the sections were transferred to TBS for 30 min, followed by 100 mM Tris-HCl containing 100 mM NaCl, 50 mM MgCl 2 , pH 9.5, for 10 min, before the aP visualization.
Detection of alkaline phosphatase. The procedure used was described recently (Asan and Kugler, 1995) . The incubation media contained 0.4 mM 5-bromo-4-chloro-3-indolylphosphate (BCIP; Boehringer), 100 mM sodium chloride, 50 mM MgCl 2 , and 0.4 mM tetranitroblue tetrazoliumchloride or nitroblue tetrazoliumchloride (Serva, Heidelberg, Germany) in 100 mM Tris-HCl buffer at pH 9.5.
Controls for ISH. Substitution of the antisense cRNA probe by an equivalent amount of labeled sense cRNA probe lead to a complete lack of staining (compare Fig. 1c ). Also no staining was observed in sections of unfixed tissue if a 100-fold excess of unlabeled oligonucleotide probe was applied together with the aP-labeled probe (compare Fig. 1e) , indicating a complete competitive inhibition of specific binding of the labeled probe in these preparations. An equivalent excess of unlabeled oligonucleotides with different nonrelated sequences did not influence the GLAST mRNA reaction intensity. Omission of labeled cRNA or oligonucleotide probes from the respective hybridization mixtures resulted in completely unstained sections. From these findings it can be concluded that (1) the antisense probes were specific, (2) the DIG detection did not create labeling artifacts, and (3) there was no endogenous aP activity left in the sections.
Antibodies and immunoblotting
Antibodies. A peptide corresponding to the C-terminal region 523-542 (Storck et al., 1992) was synthesized by the fmoc method and purified by reverse phase-HPLC (Atherton et al., 1981) . For immunization, the peptide was coupled to keyhole limpet hemocyanin by glutaraldehyde, as described in detail by Drenckhahn et al. (1993) . One milliliter of the peptide solution (corresponding to 500 g peptide) was mixed with polyalphaolefin adjuvant (Ethyl S. A., Brussels, Belgium) and injected subscapularly in rabbits (Drenckhahn et al., 1993) . At intervals of 3 weeks, animals were given booster injections of the same amount of antigen. Positive antisera were identified by dot-blot assay (Drenckhahn et al., 1993) . The antisera were affinity-purified, using the synthetic peptide immobilized by transfer to nitrocellulose paper (Schleicher and Schüll, Darmstadt, Germany). The bound immunoglobulins were eluted with PBS warmed to 56ЊC as described elsewhere (Drenckhahn and Franz, 1986) , and the protein content was determined spectrophotometrically (Drenckhahn et al., 1993) .
Mouse monoclonal antibody against GFAP was purchased from Dako (Hamburg, Germany). In the CNS, GFAP is a specific marker protein of astrocytes (Bignami et al., 1972) .
Immunoblotting. For immunoblotting, cerebellum, hippocampus, whole neocortex, and cervical spinal cord were dissected and homogenized at 4ЊC in 10 mM NaH 2 PO 4 , pH 7.2, containing 2 mM MgCl 2 , aprotinin (5 g/ml), leupeptin (2 g/ml), pepstatin (2 g/ml), and phenylmethylsulfonyl fluoride (100 g/ml). The homogenate was centrifuged at 1,000 ϫ g for 10 min, and the 1,000 ϫ g supernatant was centrifuged at 100,000 ϫ g for 1 hr. The protein contents of the 100,000 ϫ g supernatant and pellet were determined by the Bio-Rad protein assay (Bio-Rad, München, Germany); the supernatant and the pellet (membrane fraction) were used for immunoblotting. Proteins (5-50 g per lane) were electrophoretically separated on 10% gels by SDS-PAGE. Subsequently, the proteins were transferred electrophoretically to nitrocellulose membranes (Burnette, 1981) . Strips of the nitrocellulose membranes were incubated for 24 hr at 4ЊC with the affinity-purified antibody (ϳ1.8 g/ml). Bound immunoglobulins were visualized using peroxidase-conjugated goat anti-rabbit IgG (1:3000; Bio-Rad, Richmond, Canada; blotting grade) and the enhanced luminol chemiluminescence technique (Amersham, Braunschweig, Germany). Antibody absorbed previously with an excess of the peptide that was used for immunization served as control.
Deglycosylation. Aliquots of the 100,000 ϫ g pellet from cerebellum and hippocampus (see above) containing 50 g protein were resuspended in 0.2 M sodium acetate buffer, pH 6.5, containing 16 mM EDTA, 8 mM 2-mercaptoethanol, and 0.8 mM phenylmethylsulfonyl fluoride. N-glycosidase F (0.5 U; from Flavobacterium meningosepticum; Boehringer) was added, and the suspension was incubated for 18 hr at 37ЊC. The reaction was terminated by the addition of 50 l of SDS sample buffer. The samples were analyzed by immunoblotting as described above. Controls were processed as described above, but without the addition of N-glycosidase F.
Immunostaining
Pieces of various CNS regions (hippocampus, cerebellum, spinal cord) and frontal blocks of the brain (as described above) were frozen in liquid nitrogen-cooled isopentane, and 2-to 10-m-thick sections were cut in a cryostat and mounted on Superfrost slides. The sections were treated with chloroform for 5 min at room temperature or with PBS-buffered, freshly prepared 1% formaldehyde, pH 7.4, for 1 min, and after several washes with PBS, with acetone for 1 min at room temperature, or were used without any treatment.
Furthermore, frozen tissue pieces of the hippocampus and cerebellum were freeze-dried and embedded in Epon (Drenckhahn and Franz, 1986) . Semithin sections (1 m) were mounted on glass slides. The resin was removed by placing the slides for 5 min in Maxwell's solution (Maxwell, 1978) followed by incubation in 4% H 2 O 2 for 5 min (Vidal et al., 1995) .
All tissue sections were preincubated for 3 hr at room temperature with 2% bovine serum albumin, 10% normal goat serum, and 0.05% Tween 20 (Ferrak, Berlin, Germany) in PBS, pH 7.4. Then the sections were incubated for 24 -48 hr at 4ЊC for single-and double-labeling with the primary antibody diluted in the preincubation solution (anti-GLAST, 15 g/ml; anti-GFAP, 1:20,000). After several washes with PBS, the sections were incubated for 90 min at room temperature with Texas Red sulfonyl chloride (TRSC)-labeled secondary antibody (1:100; goat anti-rabbit IgG; Dianova, Hamburg, Germany) for detection of GLAST, and with fluorescein-isothiocyanate (FITC)-labeled secondary antibody (1:50; goat anti-mouse IgG; Sigma) for the detection of GFAP. Controls were performed with primary antibody, previously absorbed with an excess of the GLAST peptide, or without the primary antibody. The sections were examined with an Olympus BH-2 fluorescence microscope (Olympus, New Hyde Park, NY) equipped with Zeiss optics and an appropriate filter combination for selective visualization of TRSC and FITC fluorescence (BH II DFC 6; Olympus).
Additionally, in further experiments, aP-labeled secondary antibody (goat antiserum to rabbit immunoglobulin, 1:100; Sigma) was used instead of the fluorescent ones, and detection was carried out using an aP-detection medium. The aP-detection medium consisted of 1 mM BCIP, 1.5 mM tetranitroblue tetrazoliumchloride, 5 mM tetramisole (Sigma), and 10% polyvinyl alcohol (polyviol G 04/140; Wacker-Chemie, München, Germany) in 0.05 M Hepes buffer; the final pH was 9.2.
RESULTS
In situ hybridization
Application of the cRNA probe to cryostat sections of perfusionfixed tissue or of the aP-labeled oligonucleotide probe to cryostat sections of snap-frozen tissue resulted in identical patterns of cellular and regional distribution of GLAST mRNA in the rat CNS, both methods showing a high cellular resolution. The aPlabeled oligonucleotide probe provided a higher signal intensity than the cRNA probe did.
Cellular distribution
ISH reaction product was localized exclusively in glial cells, which on the basis of their shape and distribution appeared to be Bergmann glia (Fig. 1a-e) and astrocytes ( Fig. 1g-k) . This localization in astrocytes and Bergmann glia was proven by doublelabeling with GFAP (Fig. 1a,b, g-k) . Reaction product was localized primarily in a cytoplasmic rim around the nucleus of astrocytes. In more strongly reacting astrocytes and in Bergmann glia, reaction product extended into proximal processes (Fig. 1d) . Finer processes that were immunostained in the detection of GFAP were not labeled (Fig. 1a,b, g-k) . Neighboring blood vessels of astrocytes (Fig. 2g) and subpial astrocytes were also stained. Both the cRNA and the oligonucleotide probe specifically labeled ependymal cells (Fig. 1f ) . Neurons, oligodendrocytes, tanycytes, and epithelial cells of the choroid plexus showed no staining.
Regional distribution (Table 1)
The strongest reaction was found in Bergmann glia of the cerebellar cortex (Fig. 2a,b) . Astrocytes reacting positively for GLAST mRNA were detected throughout the CNS and showed different levels of reactivity. A relatively high density of strongly reacting astrocytes was observed in the hippocampus (Fig. 2c) (mainly in the molecular layer and just beneath the granule cell layer of the dentate gyrus and around pyramidal cells of CA1-3), in the medial part of the hypothalamus (paraventricular hypothalamic nucleus, retrochiasmatic area, arcuate hypothalamic nucleus), in the supraoptic nucleus (Fig. 2d) , in the medial part of the thalamus (paraventricular and ventromedial thalamic nuclei), and in the medial (Fig. 2e) and cortical amygdaloid nuclei. Density and reactivity of astrocytes decreased from medial to lateral parts of the thalamus and hypothalamus. The remaining amygdala, the neocortex (mainly superficial layers) (Fig. 2g) , the striatum (Fig.  2f ) , and the reticular thalamic nucleus showed moderately labeled astrocytes. A slightly less intense labeling of astrocytes was observed in the vicinity of unlabeled neuronal perikarya of cerebellar, dorsal cochlear, medial and spinal vestibular, external cuneate, spinal trigeminal, and facial and gigantocellular reticular nuclei, and in the nucleus of the solitary tract. The granule cell layer of the cerebellar cortex (Fig. 2b ) and other brain regions (not further specified) showed only faint astrocytic labeling. In white matter tracts of the cortex, brain stem, and spinal cord, scattered astrocytes were stained faintly. The same was true for the gray matter of the spinal cord, with the exception of laminae I and II in the dorsal horn and of the region surrounding the canalis centralis, where a somewhat denser population of astrocytes showed a light to moderate staining.
Ependymal cells lining the third ventricle showed a moderate labeling, preferentially at sites where astrocytes in the hypothalamus were strongly stained (Fig. 1f ) . In the other ventricular regions, the majority of ependymal cells showed faint labeling.
Immunoblotting
In immunoblots of the 100,000 ϫ g pellet of tissue homogenate, the affinity-purified antibody against the GLAST peptide labeled a ϳ65 kDa band in the cerebellum and somewhat lower bands in the hippocampus, neocortex, and spinal cord (Fig. 3) . In the 100,000 ϫ g supernatant, no protein band was immunolabeled, indicating that the detected protein was localized in membranes. Concerning the regional distribution, the highest level of GLAST was observed in the cerebellum, and lower levels were detected in the hippocampus and neocortex, whereas a very low level was seen in the spinal cord (Fig. 3) . Preabsorption of the antibody with the GLAST peptide abolished binding to the protein bands (Fig. 3) . After deglycosylation with N-glycosidase F, a ϳ55 and a ϳ50 kDa band were labeled in immunoblots of the cerebellum and hippocampus, respectively (Fig. 4) .
Immunocytochemistry
When the affinity-purified antibody against the GLAST peptide was applied to thin sections (1 m thick), membranous profiles in the neuropil of the gray matter of the various CNS regions studied were labeled (compare Fig. 5a ). A more homogenous staining of the gray matter neuropil was observed in thicker cryostat sections (10 m thick), presumably because of the high density of labeled profiles (cf. Fig. 5d-g ). The distribution of immunolabeling was the same in all tissue preparations (see Materials and Methods).
Cellular distribution
In thin sections (1 m), we observed a moderate to strong labeling of glial cells (cell membranes of somata and processes), which we identified by double-immunolabeling with GFAP antibody to be astrocytes (Fig. 5a,b) and Bergmann glia. Immunostained membrane profiles in the neuropil seemed to represent fine astrocytic processes (without GFAP; Fig. 5a,b) . Astrocytic processes around blood vessels and forming the outer limiting membrane were also positive for GLAST. Neuronal perikarya were frequently surrounded by a dense network of GLAST-positive processes (Figs. 5f, 6b), whereas the plasmalemmata of neuronal perikarya did not show staining (Fig. 5f ) . A light to moderate immunostaining was found in the apical and basolateral cell membranes of ependymal cells (Fig. 5c) . Other than astrocytes, Bergmann glia, and ependymal cells, no additional neural cell types showed immunostaining.
Regional distribution (Table 1)
A high number of labeled profiles were found in the neuropil of the gray matter throughout the whole CNS showing different labeling intensities, whereas in the white matter tracts of the CNS scattered astrocytes showed mostly a weak to moderate reactivity. The strongest reaction was observed in the molecular layer of the cerebellar cortex (Fig. 5d,e) . A moderately strong immunoreaction was seen in some regions of the hippocampus (see below), in the reticular nucleus of the thalamus (Fig. 5g) , the arcuate nucleus of the hypothalamus, the dorsomedial striatum (Fig. 5g) , the entopeduncular nucleus, and the retrosplenial cortex. Intensely reactive astrocytic processes were also found around the perikarya in cerebellar nuclei (Fig. 5d,f ) and brainstem nuclei (e.g., vestibular, cochlear, facial, and trigeminal nuclei), and in the dorsal horn (especially lamina I, II) and intermediate zone of the spinal cord (Fig. 5h) . A moderate to strong reactivity was seen in the lateral magnocellular nucleus of the hypothalamus, the thalamic nuclei (with decreasing reactivity in a dorsomedial direction), laminae I-III of the frontal cortex, hindlimb area, laminae I-II of the piriform cortex, the lateral habenular nucleus, the superficial gray layer of the superior colliculus, and the medial geniculate nucleus. In the remaining CNS regions included in this study, the neuropil labeling was weak to moderate.
A laminar labeling was observed in the hippocampus (Fig.  6a,b) . The neuropil around the pyramidal cells (preferentially in the cornu ammonis sector 1; Fig. 6a,b) and the multiform layer just beneath the granule cell layer reacted strongly. The lacunosum molecular layer of the hippocampus proper and the outer two thirds of the dentate gyrus molecular layer showed a somewhat lower reactivity. The other hippocampal regions were stained only moderately.
DISCUSSION
Applying nonradioactive ISH and immunocytochemistry, we found that Bergmann glia and astrocytes seem to be the major cell types in the CNS expressing the high-affinity glutamate transporter GLAST. Additionally, ependymal cells in several ventricular regions were labeled. In other types of neural cells (e.g., neurons and oligodendrocytes), GLAST expression was not detectable.
Specificity of ISH and immunocytochemistry was ensured by selecting sequences of the oligonucleotide probe and of the peptide used for the production of polyclonal antibodies from regions nonhomologous to other cloned glutamate transporters (Kanai and Hediger, 1992; Pines et al., 1992; Ramachandran et al., 1993; Shafqat et al., 1993; Shashidaran and Plaitakis, 1993; Tanaka, 1993) . Furthermore, based on the rat GLAST sequence (Storck et al., 1992) , an antisense cRNA probe (nucleotides 5-1710) was Immunoblot analysis (10% SDS-PAGE) of homogenized cerebellum (c), hippocampus (h), cerebral cortex (cc), and cervical spinal cord (s) using the affinity-purified GLAST antibody. For probing, the 100,000 ϫ g pellet was used. The amount of protein loaded per lane was 10 g (cerebellum, hippocampus, and cerebral cortex) and 50 g (spinal cord). The GLAST antibody labeled a ϳ65 kDa band in the cerebellum (1) and somewhat lower ones in the hippocampus (3), cerebral cortex (5), and spinal cord (7 ). Immunoblotting using antibody previously absorbed with an excess of the peptide used for immunization served as control (2, 4, 6, 8) .
generated, which resulted in the same ISH labeling as did the oligonucleotide probe. This strongly indicates that both probes were specific in detecting GLAST mRNA. The staining was abolished using the aP-labeled oligonucleotide probe in the presence of an excess of unlabeled oligonucleotide probe (competition experiment), with the cRNA sense probe and using the GLAST affinity-purified antibody previously absorbed to the synthetic peptide. Furthermore, on immunoblots of several CNS regions, the affinity-purified antibody to the GLAST peptide labeled a ϳ65 kDa band in the cerebellum and bands with a somewhat lower molecular mass in other CNS regions. Similar results have been described previously by Lehre et al. (1995) . Because GLAST is glycosylated (Storck et al., 1992; Conradt et al., 1995) , the lower molecular mass in brain regions outside the cerebellum could be caused by differences in glycosylation. Our deglycosylation experiments, however, indicated that a similar glycosylation of GLAST protein existed, for example, in the cerebellum and hippocampus. Therefore, whether splice variants exist in the CNS has to be clarified. Application of the aP-labeled oligonucleotide probe to cryostat sections of fresh-frozen tissue or of the DIG-labeled cRNA probe to cryostat sections of perfusion-fixed tissue resulted in high sensitivity and cellular resolution and low background. This observation is in accordance with previous findings applying nonradioactive ISH in the demonstration of mRNA of the glutamate transporter GLT1 (Schmitt et al., 1996) . Our regional ISH findings are comparable with those of Storck et al. (1992) and Torp et al. (1994) using radioactive ISH: the strongest labeling was observed in the cerebellar cortex. The supposition that GLAST mRNA staining was localized in Bergmann glia (Storck et al., 1992; Torp et al., 1994) was sustained by our observations using nonradioactive ISH. We succeeded in unequivocally identifying labeled cells as Bergmann glia on the basis of their shape and distribution and by combining ISH and immunolabeling of GFAP.
In the telencephalon and brain stem, a more or less homogenous labeling has been found using radioactive ISH (Storck et al., 1992; Torp et al., 1994) . Therefore, a glial localization of GLAST mRNA was supposed (Torp et al., 1994) ; however, because of the comparatively low cellular resolution of radioactive ISH, it was not possible to identify the type of cell labeled. By applying the nonradioactive ISH protocols and combined GLAST mRNA ISH/ GFAP immunolabeling (see above), we were able to document clearly that GLAST mRNA-expressing cells were astrocytes. Furthermore, we showed that the ISH labeling of astrocytes differed in intensity between CNS regions. Labeling intensity was highest in various regions of the hippocampus, hypothalamus, thalamus, and corpus amygdaloideum, whereas a very low level of labeling was detected in white matter tracts (specified further in Results). A rough comparison of the regional distribution of astrocytic GLAST mRNA with that of astrocytic GLT1 mRNA (Schmitt et al., 1996) revealed that there seemed to be a high degree of similarity.
The immunocytochemical findings are in agreement with those obtained using ISH, because GLAST immunoreactivity was localized in membranes of glia, which we identified by applying doubleimmunolabeling for GLAST protein and GFAP to be astrocytes and Bergmann glia. These findings were also in accordance with previous studies (Chaudhry et al., 1995; Lehre et al., 1995) . In initial investigations, it was reported that GLAST immunoreactivity can be found in subsets of neurons in addition to astrocytes (Rothstein et al., 1994) . In a later study, however, Rothstein et al. (1995) , like other investigators (Chaudhry et al., 1995; , reported results in agreement with our own observations, namely that neurons were not immunolabeled with a GLAST antibody. Furthermore, by applying our ISH protocol, we were not able to detect GLAST mRNA in neuronal perikarya. On the other hand, a dense network of immunolabeled fine astrocytic processes was frequently seen to be in touch with neuronal perikarya.
In accordance with Lehre et al. (1995) , we observed the densest glial immunolabeling in the molecular layer of the cerebellar cortex. This corresponded to the strong ISH labeling of Bergmann glia. It is likely that in this glial localization (Chaudhry et al., 1995; Lehre et al., 1995; Schmitt et al., 1996) glutamate transporters GLAST and GLT1 are both important for the high-affinity uptake of glutamate synaptically released from fibers terminating in the molecular layer (Sandoval and Cotman, 1978) . The fact that glutamate uptake inhibition leads to prolonged excitatory postsynaptic currents in Purkinje cells (Barbour et al., 1994) indicates that the action of the glutamate transporters in Bergmann glia is important for Purkinje cell excitatory kinetics. Furthermore, comparison of the density distribution of the GLAST immunolabeling shown outside the cerebellum in the present, with the pattern of glutamatergic termination fields specified in several previous reviews (Fagg and Foster, 1983; Fonnum, 1984) , indicates that a positive correlation exists between the level of glutamatergic transmission and high-affinity glutamate transport in astrocytes. Similar results were obtained in the immunocytochemical demonstration of the glutamate transporter GLT1 (Schmitt et al., Figure 4 . Deglycosylation experiment. Immunoblot analysis (10% SDS-PAGE) of homogenized cerebellum (c) and hippocampus (h) using the affinity-purified GLAST antibody. For probing, the 100,000 ϫ g pellet was used with (2, 4 ) and without (1, 3) treatment with N-glycosidase F, as described in Materials and Methods. The amount of protein loaded per lane was 50 g. After enzyme treatment, the molecular mass of both the cerebellar and the hippocampal protein was reduced by ϳ10 kDa (2, 4 ). 
1996
). Glutamate taken up in astrocytes and Bergmann glia will undergo metabolism partly to glutamine (by the action of glutamine synthetase) and partly to ␣-ketoglutarate via glutamate dehydrogenase (Würdig and Kugler, 1991; Rothe et al., 1994; Kugler et al., 1995) . Both enzymes are concentrated in these glial cells, and neighboring neurons are able to use glutamine and ␣-ketoglutarate as precursors for glutamate (for review, see Kugler, 1993) .
In addition to GLAST mRNA-labeling of Bergmann glia and astrocytes, we observed a faint to moderate ISH signal in ependymal cells in the ventricular regions studied. A radioactive ISH signal close to the ependymal lining was documented by Torp et al. (1995) . Lehre et al. (1995) , who did not describe immunostaining for GLAST in ependymal cells, interpreted the findings of Torp et al. (1995) as a GLAST-immunoreactive subependymal astrocytic plexus; however, we observed clear immunoreaction signal in basolateral and apical membranes of ependymal cells, which supported our ISH findings. So far, no other glutamate transporter has been detected in this neural cell type. It can be supposed that the basolaterally localized GLAST prevents the diffusion of synaptically released glutamate from the intercellular spaces into the cerebrospinal fluid. The fate of glutamate in ependymal cells may be a further metabolism via glutamate dehydrogenase and enzymes of the tricarboxylic acid cycle. We were able to demonstrate a light immunolabeling for glutamate dehydrogenase in ependymal cells (data not published) supporting this supposed metabolic pathway. The function of the apically localized GLAST remains to be determined.
Comparison of the present results with those of a previous one suggests that GLAST and GLT1 (Schmitt el al., 1996) are colocalized in glial cells, supporting the observations by Lehre et al. (1995) . Several explanations of the possible functional significance of this colocalization have been offered. Thus GLAST, whose K m value is higher than that of GLT1, may provide additional glutamate-transporting capacity, serving to protect neurons from toxic glutamate levels (Kanai et al., 1993) . On the other hand, it may be possible that the transporters exist as hetero-oligomers with differing monomeric compositions, allowing for a great variation in the functional properties of the oligomers . In this context, it is interesting to note that the relation between the expression of GLT1 and GLAST varies greatly between different glial cells. Thus, the GLAST expression is significantly higher than that of GLT1 in Bergmann glia, whereas in most astrocytic populations GLT1 expression seems to be stronger than that of GLAST (Rothstein et al., 1994; Chaudhry et al., 1995; Lehre et al., 1995; Schmitt et al., 1996 ; the present study). . a, Distribution of GLAST immunoreactivity in the hippocampus detected by aP-labeled secondary antibody in a 10-m-thick cryostat section (post-fixed with paraformaldehyde and acetone). The neuropil around the perikarya of the pyramidal cell layer ( p; preferentially in the cornu ammonis sector 1, CA1) and the multiform layer just beneath the granule cells ( gr ; arrows) react strongly. The lacunosum molecular layer (lm) of the hippocampus proper and the outer two-thirds of the dentate gyrus molecular layer (mo) are stained moderately. b, Detection of GLAST protein by immunofluorescence staining in the cornu ammonis sector 1 (semithin plastic section of freeze-dried hippocampus). Note strong staining of the neuropil around the unstained perikarya (arrows) of the pyramidal cell layer ( p). Labeling in the vicinity of pyramidal cell dendrites (arrowheads) in the radiatum layer (r) is weak to moderate, whereas it is strong in the region of the initial parts of the pyramidal cell axons in the oriens layer (o). bv, Blood vessel. Scale bar: a, 300 m; b, 25 m.
